where is the wavelength, determined by the periodicity of the IDT and v SAW is the acoustic wave velocity . For the technology being used in this research: = p = finger width × 4 (2) with the finger width (as shown in Figure 1 ) is determined by the design rule of the technology which sets the minimum metal to metal distance. v SAW is surface acoustic wave velocity. 
By using the matrix method or FEM and approximation of coupling factor as in (3), the SAW parameters in different structures AlN/Si, AlN/SiO 2 /Si and AlN/Mo/Si are calculated and analysed in three next sections.
Matrix method and Finite Element Method (FEM). The choice between them

Matrix method
The SAW propagation properties on one layer or multilayer structure are obtained by using matrix approach, proposed by J.J.Campbell and W.R.Jones [50] , K.A.Ingebrigtsen [54] , and then developed by Fahmy and Adler [31] , [32] , [33] and other authors [51] , [52] , [53] . The numerical solution method is based on characterizing each layer by means of a transfer matrix relating the mechanical and electrical field variables at the boundary planes. The boundary conditions for multilayer are based on the mechanical and electrical field variables those quantities that must be continuous at material interfaces. This matrix method is used to calculate the wave velocity and therefore, the electromechanical coupling factor. A general view and detail of this approach are given as follows and also presented in [50] - [53] . ceε ρ are elastic tensor, piezoelectric tensor, dielectric tensor and mass density, respectively, of the considered material. U is the particle displacement.
φ is the scalar electric potential.
The boundary conditions are shown in Table 1 Position Mechanical conditions Electrical conditions 
The general solution for U l and φ (1) and (2) 
The coefficients C m are determined from boundary conditions. By substituting (7) and (8) 
Phase velocity is determined from the condition:
Det(H)=0 (10) (use approximation to solve (10)) Figure 3 shows the wave velocity of structure AlN/SiO 2 (1.3µm)/Si(4µm). 
Finite Element Method (FEM)
In the design procedure of SAW devices, simple models like Equivalent Circuit Model coming from Smith Model and COM Model as presented above are used to achieve short calculation time and to get a general view of response of SAW devices. They are a good approach for designing SAW devices, for getting the frequency response, impedance parameters and transfer characteristics of SAW device. They could allow the designer to determine the major dimensions and parameters in number of fingers, finger width, and aperture. However, they are subjected to some simplifications and restrictions. Field theory is the most appropriate theory for the design SAW devices as it involves the resolution of all the partial differential equations for a given excitation. The Finite Element Model (FEM) is the most appropriate numerical representation of field theory where the piezoelectric behaviour of the SAW devices can be discretized [45] , [46] . Besides, nowadays, FEM tools also provide 3D view for SAW device, such as COMSOL® [47] , Coventor® [48] , ANSYS® [49] . The typical SAW devices can include a lot of electrodes (hundreds or even thousands of electrodes). In fact, we would like to include as many IDT finger pairs as possible in our FEM simulations. This would however significantly increase the scale of the device.
Typically finite element models of SAW devices require a minimum of 20 mesh elements per wavelength to ensure proper convergence. A conventional two-port SAW devices consisting of interdigital transducers (IDT) may have -especially on substrate materials with low piezoelectric coupling constants -a length of thousands of wavelengths and an aperture of hundred wavelengths. Depending on the working frequency, the substrate which carries the electrode also has a depth of up to one hundred wavelengths. Taking into account that FEM requires a spatial discretization with at least twenty first order finite elements per wavelength and that an arbitrary piezoelectric material has at least four degrees of freedom, this leads to 8 x 10 8 unknowns in the three dimensional (3-D) case. Hence, the 3-D FEM representation of SAW device with hundreds of IDT fingers would require several million elements and nodes. The computational cost to simulate such a device is extremely high, or the amount of elements could not be handled by nowadays computer resources. Fortunately, SAW devices consist of periodic section. M.Hofer et al proposed the Periodic Boundary Condition (PBC) in the FEM that allows the reduction of size of FE model tremendously [45] , [46] . A good agreement between FEM and analytic method is obtained via the results in case of SAW with AlN thickness of 4 m, wavelength of 8 m presented in Table 2 . Figure 4 shows the dependence of Rayleigh wave velocity V 0 and Vs on the normalized thickness as respect to the wavelength, khAlN of AlN layer in SAW device AlN/Si substrate, where normalized thickness is defined by:
In this graph, when the normalized thickness of AlN, khAlN is larger than 3, the wave velocity reaches the velocity of the Rayleigh wave in AlN substrate v (AlN substrate) =6169 (m/s). This could be explained that the wave travels principally in AlN layer when khAlN is larger than 3, because for low frequency the wave penetrates inside the other layer and this work is in the case where the wave are dispersive. It is better to be in the frequency range where the Rayleigh wave is obtained to have a constant velocity. 
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The coupling factor K for this kind of device is shown in Figure 5 . When normalized thickness of AlN layer is larger than 3, the coupling factor K still remain at 4.74% by that the wave travels principally in AlN layer. In this configuration, K is at its maximum value of 5.34% when khAlN=0.55.
2.4
Wave velocity, coupling factor in AlN/SiO 2 /Si structure Wave velocity and coupling factor in structure AlN/SiO 2 /Si are also presented in Figure 6 and Figure 7 , respectively. In this configuration, as results in Figure 6 , when 6 khAlN < , with the same thickness of AlN layer, an increase in thickness of SiO 2 would decrease the wave velocity. When 6 khAlN > , the wave velocity reaches the velocity of the Rayleigh wave in AlN substrate v(AlN substrate)=6169 (m/s). A same conclusion is formulated also for coupling factor for this kind of structure, AlN/SiO 2 /Si, in Figure 7 ; when 6 khAlN > , K remains at the value of 4.7%.
To understand the above behavior, we use FEM method to display displacement profile along the depth of multilayer AlN/SiO 2 /Si. These results obtained from FEM method in case of khSiO 2 =0.7854, khAlN=5 and khAlN=0.2 are compared as in Figure 8 . From Figure 8 , we note that wave travels principally in AlN layer for a khAlN value of 5. By this reason, from a khAlN value of larger than 5, the coupling factor K remains at 4.7% and wave velocity remains at 6169m/s. For khAlN=0.2, wave travels principally in SiO 2 layer and Si substrate that are not piezoelectric layer. Consequently, the coupling factor K reaches the value of 0%. In conclusion, the values of wave velocity and coupling factor depend on wave propagation medium, in which constant values of wave velocity and coupling factor indicate a large contribution of AlN layer, and coupling factor value of near 0% indicates a large contribution of SiO 2 layer and Si substrate.
2.5
Wave velocity, coupling factor in AlN/Mo/Si structure For our devices, a thin Mo layer will be also deposited below the AlN layer to impose the crystal orientation of AlN. Besides this dependence, the Mo layer also has influences on Figure 9 , the use of Mo layer would increase the wave velocity with any thickness of AlN layer and Mo layer. In case of coupling factor K as in Figure 10 , the Mo layer, however, could decrease K when the khAlN is less than 1.02. When the normalized thickness of AlN layer khAlN is in the range from 1.17 to 2.7, the Mo layer would increase the coupling factor K. And when the khAlN is larger than 2.7, the Mo has no influence on wave velocity and coupling factor. The reason of this effect could be explained by the displacement profile in AlN/Mo/Si structure, as shown in Figure 11 for thickness AlN value of khAlN=2.7. We could note that when 2.7 khAlN ≥ , the first interesting point is that the wave travels principally in AlN layer and Si substrate, the second one is that the relative displacement U/Umax in Mo layer will be smaller than 0.5. These points would explain the reason why when 2.7 khAlN ≥ the use of Mo has no influence on wave velocity and coupling factor. Actual devices exist in a three-dimensional physical continuum. Their behaviour is governed by the laws of physics, chemistry, biology, and electronics. From a general point of view, the analysis of devices can be carried out by using some equations of laws of physics, chemistry … For example; the analysis of piezoelectric resonators or transducers and their application to ultrasonic system can be solved by using the wave equation [36] , [37] . But through analysis, equivalent electrical circuit representations of devices can be extracted. So, they can be readily expressible with Equivalent Electric Circuit. Below is the presentation of advantages and disadvantages of equivalent circuit. Advantages: -There are an immensely powerful set of intellectual tools to understand electric circuits. -
The equivalent circuit approach has distinct advantages over the direct physical, chemical equations approach (such as direct wave equations approach). -Many theories, problems of electric circuits have already been solved such as microwave network theory, integrated circuit etc. -Electric circuit approach is intrinsically correct from an energy point of view [56] . -A further advantage of electric circuit model is that it permits efficient modelling of the interaction between the electric and non-electric components of a microsystem. Both the electrical and mechanical portions of a system are represented by the same means. With software like Simulink, the block diagram is easily constructed, easily to build a more complex system but when we would like to connect a mechanical element to electrical circuits, Simulink can not do that. The analogies between electrical and mechanical elements are presented clearly by Warren P.Mason [57] , [58] . Disadvantages: -Care must be taken to make sure whether the boundary conditions are compatible with those used in the original derivation of the equivalent circuit [58] . In many systems, both commercial and industrial, pressure measurement plays a key role. Since pressure is a normal stress (force per unit area), pressure measurement can be done by using piezoelectric material which can convert stress into voltage. Equivalent circuits such as Mason's model [36] provide a powerful tool for the analysis and simulation of piezoelectric transducer elements. Most of the analogous circuits which have appeared in the literature implement transducers as the circuit elements. This model simulates both the coupling between the mechanical and electrical systems and the coupling between the mechanical and acoustical systems [39] . The mechanical, electrical and acoustic parts of piezoelectric transducer can be varied and analysed about behaviour by implementing equivalent circuits on computer tools such as Ansoft®, Spice, ADS, etc. For IDT composing of N periodic sections, Smith et al [41] developed the equivalent circuit model based on Berlincourt et al [40] work about equivalent circuit for Length Expander Bar with parallel electric field and with perpendicular electric field and based on the equivalent circuit for electromechanical transducer presented by Mason [36] . "Smith model" henceforth will be used to indicate this model. From this model, some models for SAW device in literature have been implemented. However, these models would include only IDTs [42] , [43] . In SAW pressure sensor, one of sensitive parts is propagation path. It should be included in the model. The hybrid model based on Smith model for SAW pressure sensor which includes the IDTs and propagation path have been constructed.
Another equivalent model is based on the Coupling-Of-Modes (COM) theory. An excellent recent review of COM theory used in SAW devices was written by K.Hashimoto [10] . Based on the COM equations, as the force and voltage analogy can be used, the relationships between the terminal quantities at the one electrical port and two acoustic ports for an IDT have been done. K.Nakamura [44] introduced a simple equivalent circuit for IDT based on COM approach that is developed in section 4.
In conclusion, the equivalent-circuit model is chosen because it can allow fast design. This allows the designer to determine the major dimensions and parameters in number of fingers, fingers width, aperture, delay line distance, frequency response, impedance parameters and transfer characteristics of SAW device.
Equivalent circuit for IDT including N periodic sections
Based on Berlincourt et al [39] about equivalent circuit for Length Expander Bar with parallel electric field and with perpendicular electric field and based on the equivalent circuit for electromechanical transducer presented by Mason [36] , Smith and al [41] have developed the equivalent circuit for IDT composed of N periodic sections of the form shown in Figure 12 .
Fig. 12. Interdigital transducer diagram
One periodic section as shown in Figure 13 (a) can be presented by analogous onedimensional configurations: "crossed-field" model as in Figure 13 (b), and "in-line" model as in Figure 13 (c). In "crossed-field" model, the applied electric field is normal to the acoustic propagation vector; while in "in-line field" model, the electric field is parallel to the propagation vector. The important advantage of two one-dimensional models is that each periodic section can be represented by equivalent circuit of Mason, as shown in Figure 14 for "crossed-field" model and Figure 15 for "in-line field" model. The difference between these two equivalent circuits is that in "crossed-field" model, the negative capacitors are short-circuited. Where:
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In IDT including N periodic sections, the N periodic sections are connected acoustically in cascade and electrically in parallel as represented in Figure 16 . cot (4 ) sin (4 ) ( 2 4 )
In "in-line field" model: 
It was shown in the literature that the crossed field model yielded better agreement than the experiment when compared to the in-line model when K is small. In section 2, K is always smaller than 7.2%. Besides, in section stated above, the "crossed-field" model is simpler than "in-line field" model in term of equations of all element of [Y] matrix. Consequently, the "crossed-field" model is selected henceforth for the calculating, modeling the devices.
Equivalent circuit for propagation path
The delay line SAW device could be used for pressure sensor application. The sensitive part of this kind of device will be the propagation path. To model the pressure sensor using SAW, it is necessary to construct the model for propagation path. Based on the equivalent circuit for electromechanical transducer presented by Mason [36] , equivalent circuit of propagation path is presented as in Figure 17 . with v is SAW velocity, l is propagation length.
Equivalent circuit for SAW delay line
Due to the piezoelectric effect, an RF signal applied at input IDT stimulates a micro-acoustic wave propagating on its surface. These waves propagate in two directions, one to receiving IDT and another to the medium. The approximations as follows are assumed to construct the equivalent circuit for SAW delay line: -Assume that the IDT radiates the wave into a medium of infinite extent. Experimentally, an infinite medium is approximated either by using absorber, such as wax, polyimide to provide acoustic termination, or by using a short RF pulse measurement. The condition of infinite medium means that no wave reflects back to input IDT. This is created for SAW device model by connecting the acoustic characteristic admittance Y 0 to one terminal of IDT. -Assume that the wave propagating to receiving IDT has no attenuation during propagation way between two IDTs. So, the propagation path between two IDTs can be expressed as the no-loss transmission line. Based on these two approximations, the [Y] matrix representation of IDT in section 3.2, and propagation path representation in section 3.3, the SAW delay line can be expressed as equivalent circuit as in Figure 18 . In this appendix, a new equivalent circuit of IDT including N periodic section plus one finger, which we call it "N+1/2", also are developed and presented. Another representation of SAW delay line is [ABCD] matrix representation which also proposed in appendix, section Appendix 4. [ABCD] matrix representation has one interesting property that in cascaded network, the [ABCD] matrix of total network can be obtained easily by multiplying the matrices of elemental networks.
Equivalent circuit for IDT based on the Coupling-Of-Mode theory
The Coupling-Of-Modes formalism is a branch of the highly developed theory of wave propagation in periodic structure, which has an history of more than 100 years. This theory covers a variety of wave phenomena, including the diffraction of EM waves on periodic gratings, their propagation in periodic waveguides and antennas, optical and ultrasonic waves in multi-layered structures, quantum theory of electron states in metal, semiconductors, and dielectrics…. Theoretical aspects of the wave in periodic media and applications were reviewed by C.Elachi [4] , in which it included theories of waves in unbounded and bounded periodic medium, boundary periodicity, source radiation in periodic media, transients in periodic structures, active and passive periodic structures, waves and particles in crystals. An excellent recent review of COM theory used in SAW devices was written by K.Hashimoto [10] . A simple equivalent circuit for IDT based on COM approach was proposed by K.Nakamura [29] . This model would be useful to analyze and design SAW devices. Based on the COM equations, the relationships between the terminal quantities at the one electrical port and two acoustic ports for an IDT have been done.
COM equation for particle velocities
Consider an IDT including N periodic sections with periodic length of L as shown in Figure 19 . 
Where V is the voltage applied to the IDT, ζ is the constant associated with the convention from electrical to SAW quantities, K 11 and K 12 are coupling coefficients, sum of the coupling coefficient coming from the piezoelectric perturbation and that coming from the mechanical perturbation.
The solution to (22) and (23) 
Equivalent circuit for IDT based on COM theory
From the equations (25) and (26), the particle velocities at the both ends of the IDT can be expressed as: 
The upper and lower signs in (32) and (33) correspond to the cases N=i and N=i+0.5, respectively, where i is an integer. Consequently, the total particle velocities at the two acoustical ports can be expressed as: -Particle velocity at port 1 (x=0):
Particle velocity at port 2 (x=NL):
The two forces at two acoustic ports are considered to be proportional to the difference of v + and v -. For the simplicity, these forces can be expressed as follows:
From these equations, h 1 and h 2 are the terms of F 1 and F 2 as follows: (1 )( 1) 
The current I at the electrical ports can be expressed as: where η is the constant associated with the convention from SAW to electrical quantities, therefore associated with the coupling factor K. C s is the capacitance for one electrode pair. By substituting equations (38) and (39) in (34), (35) and (40), the following equations can be obtained: 
From these equations, the matrix as follows can be obtained:
11 11 2 1t a n 2 1s i n 2 11 11 2 1s i n 21t a n 2
In the acoustic wave transducer using piezoelectric effect, the force and voltage analogy can be used. Therefore, the COM-based circuit of IDT as matrix in (46) can be considered as the reciprocal circuit. The reciprocity theorem states that if a voltage source E acting in one branch of a network causes a current I to flow in another branch of the network, then the same voltage source E acting in the second branch would cause an identical current I to flow in the first branch. By using this theorem in this case, replacing V and F 1 together, the same value I requirement leads the following equations:
From (46), (47) , and (48), the matrix as in (46) 
Equivalent circuit for propagation path based on COM theory
In SAW devices, the propagation path should be taken into account. It is necessary to determine the equivalent circuit for a propagation path of distance l between 2 IDTs. This propagation path is a uniform section of length l, with a free surface or a uniformly metallized surface. In this case, K 11 =K 12 =0, and =δ. Consequently, from equations (38) and (39), h 1 and h 2 can be expressed as: 
If the v 1 , v 2 , F 1 , and F 2 are defined as:
Then, by expressing h 1 and h 2 in terms of F 1 and F 2 based on equations (53) and (54) 
Consequently, the equivalent circuit for propagation path can be represented by the π-circuit of Figure 21 : Figure  17 , which has star form. In Figure 21 , the circuit has triangle form. By using triangles and stars transformation theory published by A.E. Kennelly, equivalent circuit of propagation in these two figures is the same. Consequently, the approachs that are based on Mason model and COM theory can get the same equivalent circuit of propagation path.
Equivalent circuit for SAW delay line based on COM theory
Based on section 4.2 and 4.3, equivalent circuit of SAW delay line based on COM theory is presented in Figure 22 . In this model, some parameters must to be calculated or extracted. SAW velocity v, piezoelectric coupling factor K could be calculated from section 2. The periodic length L (or wavelength ) is determined by design and fabrication. The parameters K 11 and K 12 are coupling coefficients. They are sum of the coupling coefficient coming from the piezoelectric perturbation and that coming from the mechanical perturbation, and their equations for calculation are complicated [55] . Exact equations for K 11 and K 12 were given by Y.Suzuki et al [55] , but it seems so complex that their usefulnesses could be limited. However, from this work of Y.Suzuki et al [55] , we propose the K 11 and K 12 could be expressed as follows: The effect of K 11 and K 12 could be explained by their measurement method [61] . K 11 could be derived from the measurement of frequency response, therefore the usefulness of its calculation could be limited. Meanwhile, K 12 can be extracted from FEM. It is shown in literature that K 12 depends on the thickness of finger with respect to the wavelength. In our work, the ratio thickness/wavelength (its maximum value is 300nm/8 m) is too small that its effect can be ignored. In conclusion, in our work, value of K 11 and K 12 are 0. small difference in the peak value of S21 (dB) occurs. This difference could be explained by using "crossed-filed" model instead of actual model as in Figure 13 .
Comparison of equivalent circuit of SAW device based on Mason model and COM thoery
Conclusion
The model used for SAW pressure sensor based on delay line are presented. For usefulness and reduction of time in design process, the equivalent circuit based on COM model, in which K 11 , K 12 =0 is proposed to be used. Acoustic wave properties in different structures of AlN/SiO 2 /Si, AlN/Si, and AlN/Mo/Si are analyzed. The wave velocity, coupling factor could depend on the wave propagation medium. From analyses of these structures, the range in which there is a weak dependence of the wave velocity, coupling factor on the AlN layer thickness could be known. The SAW devices should be fabricated in this range to facilitate manufacturing. For AlN/Si structure, this range is 3 khAlN ≥ . For AlN/Mo/Si, if this kind of SAW device is fabricated in the range from 2.7 khAlN ≥ to facilitate manufacturing, the use of Mo layer is useless. Consequently, to take full advantage of using Mo layer in term of wave velocity and coupling factor, it should be required to control the fabrication process carefully to obtain the required AlN thickness from khAlN=1.02 to khAlN=2.7. For AlN/SiO 2 /Si, this range is 5 khAlN ≥ for khSiO 2 =0.7854, for thicker SiO 2 layer, this range changes based on Figure 6 and Figure 7 . Besides, using SiO 2 layer would reduce temperature dependence of frequency. To choose the thickness of SiO 2 layer, it would consider the effect of temperature dependence and analyses of wave velocity, coupling factor. (2 ) 1 sin (4 ) sin(2 ) (4 ) sin (4 ) sin (2 ) 
In IDT including N periodic sections, the N periodic sections are connected acoustically in cascade and electrically in parallel as Figure Appendix (Appendix.14) Because the N periodic sections are connected acoustically in cascade and electrically in parallel, the model as in Figure Appendix 
By applying (Appendix.16) into N-section IDT as in Figure Appendix .6 and using (Appendix.9), the second recursion relation is obtained as follows:
[]
Where m is integer number, m=1,2, …, N- 
cos (12 ) sin (12 ) sin (12 ) cos (12 ) jR K jG
. . . . . . etc. Consequently, matrix [Q] will be given:
cos ( 4 ) sin ( 4 ) sin ( 4 ) cos ( cot (4 ) sin (4 ) ( 2 4 
The elements of [Yd] matrix for "crossed-field" model are given as follows: Figure Appendix .12 equals to port 1 in Figure Appendix .11, and consideration of direction of current I 2 in Figure  Appendix .11 and Figure Appendix 
